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Where has WOCE got to?

John A. Church, WOCE SSG co-Chair. john.church@marine.csiro.au

WOCE is rapidly approaching the end of its intensive
observations but the project will not end then. A continuing
effort is essential to ensure that the observations are fully
exploited to achieve the WOCE goals of improving ocean
models for predicting climate and determining the
representativeness of the WOCE data sets.

The WOCE Synthesis and Modelling Working Group,
has recently completed a draft “Analysis, Interpretation,
Modelling and Synthesis Strategy” for the project to go
through 2002. This plan will be circulated for comment this
summer and finalised in the fall. Progress in implementing
elements of the AIMS phase strategy are highlighted below.

Ocean Model Data Intercomparison
Project

A joint WOCE-CLIVAR Ocean Model Data Inter-
comparison Project has been proposed following the well-
known Atmospheric Model Intercomparison Project. A
modelling workshop will be held (probably in early 1998)
to plan how the project might run. It will need to take
account of the current status of ocean model development
and of the computer and human resources available.

WOCE Conference

Preliminary registration for the WOCE Conference, “Ocean
Circulation and Climate”, Halifax, Canada, 24-29 May
1998, will start shortly (http://www.soc.soton.ac.uk/
OTHERS/woceipo/wconf/). The Science Organising Com-
mittee (chaired by Gerold Siedler) has designed an exciting
programme that will directly address the WOCE goals.
Each morning will have plenary overview talks by prominent
oceanographers. These will be followed by Poster sessions
in the afternoon. Many of the invited speakers have already
enthusiastically accepted invitations to make presentations.

JSC Meeting

Each year WOCE reports to its parent body the Joint
Scientific Committee for the World Climate Research
Programme. At its 18th session in Toronto (17—22 March
1997) John Gould, Breck Owens and | reported on WOCE
and its plans for the AIMS phase. The JSC is pleased with
the continuing efforts WOCE makes to meet its goals and
contribute effectively to the overall WCRP strategy. Of
particular importance is the need to produce prodeats (
global data sets, improved understanding of the oceans’
role in the climate system and improved ocean models) that
are of value to other WCRP projects, and to ensure a smooth
transition from WOCE to CLIVAR. The JSC remains
concerned about the challenges (particularly the personnel
and computing resources required for the assimilation of
the WOCE data sets) posed by WOCE AIMS.
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A WCRP Conference is planned for Geneva (August
1997). Its purpose is to inform senior decision makers of the
contribution that the WCRP is making to the understanding
of major societal issues such as climate variability and
change, and to convince them of the value of further
investment in WCRP and its component projects. As a
mature project, WOCE will be an important example of the
success of the WCRP and we need to adequately document
the WOCE achievements.

The future

The AIMS phase will be implemented through national
contributions. Recent publication of a US plan (and budget
estimates) for synthesis of WOCE observations and for the
further development of ocean models is a significant step
forward. US WOCE, with other ocean programmes, is also
defining the most appropriate form for an Ocean Data
Assimilation Centre. Such a Centre with wide community
involvement would ensure continued improvement in the
ocean models necessary for predicting climate variability
and change.

The decision to build a US/French follow-on satellite
(JASON), to the successful TOPEX/POSEIDON altimeter
mission is another very positive development as is the go-
ahead for a dedicated gravity mission (GRACE).

The failure to fund the bid for a UK AIMS phase is a
significant setback. While some limited synthesis activities
willundoubtedly occur in the UK, this decision will prevent
UK scientists from exploiting the major investment already
made and hinder further improvement in ocean models
(through data assimilation) essential for predicting the
timing and regional impact of climate change. The full
implications are still being assessed. On the positive side,
the UK will continue to support the WOCE International
Project Office.

As a project of the WCRP, WOCE is directly aimed
at improving ocean models needed for predicting climate
change. WOCE results are already having a significant
impact on coupled ocean/atmosphere models but WOCE
needs to continue to develop closer links to the broader
climate modelling community. As part of this process, this
Newsletter focuses on developments in coupled models.

Finally, the IPO and the SSG need your help to
document significant achievements of the WOCE. These
achievements/deliverables are valuable in ensuring the
continued funding of large scale oceanography that
addresses the role of the ocean in the climate system. In the
next Newsletter we will itemise our view of WOCE's
achievements. | encourage all of you to consider the impact
of the science you are conducting and to e-mail suggestions
for inclusion in this list to the IPO (using the headings
Achievement, Significance, References).
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Some Oceanographic Inferences from
Resolution Ocean and Climate Models

Peter G. Baines, CSIRO Division of Atmospheric Research, Aspendale 3195,

Australia. pgb@dar.csiro.au

Coarse resolution ocean models have been with us since the
pioneering work of Kirk Bryan and Michael Cox, and their
virtues and shortcomings are well-known. Modern-day
models have a typical resolution of 3latitude by 5.6
longitude, 12 vertical levels, with corresponding continental
boundaries and ocean bathymetry. When compared with
the real ocean their most conspicuous deficiencies include:
viscously dominated western boundary currents that are
much too wide and inadequately described, coarse
representation of high latitude convection, inadequate
resolution of equatorial phenomena, and dubious
representation of sub-grid-scale effects on the large scale
motions.

In spite of these shortcomings, however, these models
do describe large-scale mid-ocean processesin areasonably
realistic manner, and they are useful tools to examine
possible modes of oceanic behaviour. Suitably forced, they
reproduce the main large-scale features of the wind-driven
circulation, the thermocline structure, and the deep cir-
culations driven by sinking at high latitudes in the North
Atlantic and near Antarctica. They may be run for long
periods of time (up to thousands of years) on modern
computers, all variables may be retrieved at each time step,
and they may be modified to carry out “what-if” experiments,
such as the effect of modifying the topography or changing
the surface forcing. Coupled ocean-atmosphere climate
models will depend on such models for their ocean
component for the next few years, at least. There has
recently been an explosion of the literature on this subject.
Here | describe some results about the ocean and ocean-
atmosphere system that have been recently learnt from
these models, concentrating on the work of the Ocean
Modelling Group at Aspendale.

Ocean Models

The response of ocean-only models to various forms of
atmospheric forcing has been investigated. These include
temperature (SST) and salinity (SSS) restoring (which
means that ocean surface values may vary, but they have a
continual tendency toward climatological values, with a
chosen decay constant — a boundary condition known as
Haney relaxation (Haney, 1971)) with and without restored
wind forcing. One result from these studies is that the
Antarctic Circumpolar Current (ACC) is partly driven by
the sinking of Antarctic Bottom Water (AABW), which
drives the southern thermohaline circulation. When this
circulation crosses the latitudes of the ACC, the northward-
moving lower partis constrained by the bottom topography,
whereas the southward-moving upper part is accelerated
eastwards by the Coriolis force, or equivalently, conservation
of angular momentum (Cai and Baines, 1996). This effect
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was first noticed by Gill and Bryan (1971). The magnitude
of this driving is approximateff@D, wheref is the Coriolis
parameter, Q the northward transport of AABW, and D is
the width of the Drake Passage. This is comparable with,
but generally less than, the net eastward wind stress on the
ACC. This suggests, among other things, that a measure of
AABW formation may be inferred from observations of the
ACC transport. Variations in ACC transport also occur
with variations in AABW formation in coupled model runs.

With the above restoring boundary conditions, con-
stant forcing tends to produce a steady solution. From these
solutions, fluxes of heat and freshwater at the surface may
be diagnosed, and these maybe used to provide new flux
boundary conditions, on either heat or freshwater or both.
Some ofthese combinations (in particular, “mixed boundary
conditions” —restored temperature, imposed flux on salinity)
give oscillatory solutions (Weavet al, 1993). A more
realistic variation on the heat flux boundary condition has
been given by Schopf (1983), which assumes a zero heat-
content atmosphere in its derivation (€eal, 1995; Cai,
19964a, 1996b).

Oscillations in the thermohaline circulation may arise
for other reasons. For example, in a simple rectangular
basin representative of the Atlantic Ocean, with sinking in
the northeast corner, and using the Schopf surface condition
on heat flux, baroclinic Rosshy waves are generated at high
latitudes, giving oscillations in overturning that have the
period of the time taken for the waves to cross the basin
from east to west (Cai, 1996c). A change in the decay
constant for restored temperature can produce similar effects
(Cai and Chu, 1997).

Hirst and Godfrey (1994) have assessed the effect of
the Indonesian throughflow on the Indian and Pacific
Oceans, in a series of experiments where the model
throughflow was varied in profile and magnitude, and in
one case, cut off altogether. Changes in the throughflow
induced substantial changes in the subsurface densities
across both oceans, in a pattern that may be explained in
terms of baroclinic wave response modified somewhat by
advection by the background wind-driven Sverdrup
circulation. A significant surface temperature response (of
up to £C for the total cut-off case) occurred in particular
regions; these regions may be more extensive if the Schopf
boundary condition (or similar) were used, instead of the
restoring conditions mentioned above. Gent and
McWilliams (1990), Gentet al (1995) introduced a
parametrisation scheme for the lateral transport of heat due
to sub-grid-scale baroclinic eddies, which removes the
need for alarge lateral thermal eddy diffusivity in the ocean
model. Itinvolves the addition of an eddy-induced transport
velocity along isopycnals, and a diffusivity, that both
depend on the local baroclinicity. The appropriate form of
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this GM scheme is still the subject of debate (McDougall
and Mclntosh, 1996), butits inclusion improves considerably
the similarity between model and real ocean in many
respects (Danabasogitial, 1994; McDougakt al., 1996;
Hirst and McDougall, 1997). It also brings added benefits
in coupled models, as described below.

Coupled Models

The results described here are based on the CSIRO
coupled model (Gordon and O’Farrell, 1997),which may be
regarded as representative of the current generation of flux-
corrected models, although it has a sophisticated ice model
and a land biosphere. Two important variables that may be
used to characterise the flow state in the ocean component
are the magnitudes of the overturning in each of the North
Atlantic-driven and Antarctic-driven thermohaline
convection circulations. If zonal averages are taken, these
may be visualised as one-dimensional loops, and their
magnitudes are given in terms of Sverdrups of meridional
circulation. A number of possible feedbacks have been
identified inthese loops, and we consider the North Atlantic-
driven circulation for definiteness. If we imagine a
perturbation (spontaneous or imposed) at high latitudes that
causes an increased deep water formation and stronger
circulationinthis loop, the following feedback mechanisms
may occur.

(i) A negative feedback between overturning and high
latitude SST (where the sinking occurs) (Rahmstorf
and Willebrand, 1995). Strengthening circulation
increases northward heattransport, raising high latitude
SST and decreasing surface density there. This weakens
convective activity, and hence also the thermohaline
circulation.

A positive feedback between overturning and SSS
(Stommel, 1961).

(iii) A positive feedback between overturning and evapor-

ation (Caiet al, 1997).

(iv) A negative feedback between overturning and ice
melting/formation (Caét al, 1997).

A positive feedback between albedo and sea ice (Cai
et al, 1997).

Feedbacks (ii) to (v) work in a similar way to (i), and
positive feedbacks tend to produce a new steady state. In the
CSIRO coupled model, these processes operate simul-
taneously and the net effectis a negative feedback, implying
a dominant role for feedbacks (i) and (iv). In consequence,
when the coupled model Atlantic is subjected to an imposed
freshening (a “great salinity anomaly “perturbation), the
North Atlantic deep water formation and the associated
conveyor belt circulation recover, after an initial weakening
(Cai et al, 1997). Studies with ocean-only models and
imposed surface forcing generally contain alimited number
of these feedbacks, and the results may not be representative
of the coupled atmosphere-ocean system.

A combined effect of feedbacks (i), (ii) and (iii) is that
in polar/high-latitude regions, the vertical structure of
temperature and salinity is such that both have a maximum

(ii)

v)
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at subsurface, rather than at the surface (Cai and Gordon,
1997a). This is because precipitation is greater than
evaporation, giving cool fresh surface water. Under
“greenhouse” conditions in the CSIRO coupled model, this
tendency is increased in mid to high southern latitudes,
because the hydrological cycle is stronger and overcomes
the expected radiative increase in SST. This leads to a
maximum warming below the surface (see Fig. 1 (upper
panel) page 22). This pattern is consistent with some field
observations (Bindoff and Church, 1992). On the other
hand, under the same conditions in the northern North
Atlantic the hydrological cycle is weaker and maximum
heating occurs at the surface (see Fig. 1 (lower panel) page
22), although surface cooling does take place in the regions
where convective activity is concentrated.

In flux-corrected coupled models, surface conditions
are imposed to maintain a mean climatology. In the CSIRO
model, there is some incompatibility between the imposed
climatology and the model dynamics, and this can result in
a secular drift in the mean stateq temperature) of the
model. Mechanisms of this drift have been identified (Cai
and Gordon, 1997hb). However, inclusion of the GM mixing
scheme has the effect of reducing the drift (Hatsal,
1996, see Fig. 2, page 22), in addition to its other beneficial
effects. Hence, eliminating drift in climate models requires
both good climatology and improved model dynamics.
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The northern North Atlantic has pronounced climate
variability on the time scale of several decades. The evidence
for this long-term variability is chiefly in the historical
record of surface temperature over the ocean and adjacent
land areas. However, pioneering work by Talley and
McCartney (1982) pointed out that changes on decadal
time scales are also taking place in the water mass properties
of the North Atlantic. As an example of the analysis of sea
surface temperature records, Hansen and Bezdek (1996)
have recently shown the slow drift of anomalies in the
direction of the North Atlantic drift and the Norwegian
current, with other anomalies drifting southwestward along
the eastern and southern flank of the subtropical gyre.
These anomalies drift at a slower rate than the surface
currents and have a time scale of many years. Because of
the close proximity to the Norwegian Current, Northern
Norway is particularly sensitive to such long-term climate
variability and confirmation of this is found in tree ring
records.

Inthe late 1980s the Atlantic Climate Change Program
(ACCP)was formed inthe US. The programme was largely
based on earlier work in the UK by Follagtcl (1986) and
Palmer and Sun (1985). Of particular importance was a
seminal paper by J. Bjerknes (1964) in which itwas pointed
out that there might be a connection between decadal
climate shifts and changes in northward heat transport by
the North Atlantic Ocean. One of the key goals of this
programme was to determine the predictability of North
Atlantic climate variations. Even a cursory analysis of the
few time series that exist for the North Atlantic suggest
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predictability. The aim of the present study (Griffies and
Bryan, 1997a, b) is to put this question into a quantitative
framework.

It is well known that weather is only predictable for a
week at most, and the predictability of atmospheric planetary
waves for time scales greater than seasons variations is
more closely tied to the predictability of the ocean. This is
not the first time that a coupled ocean atmospheric model
has been usedto investigate predictability. Coupled models
have been used to determine the predictability of EIl Nifio in
the Equatorial Pacific. Without having a long time series of
three-dimensional ocean data for the North Atlantic, it is
impossible to make a direct test of predictability through
trial predictions of multidecadal climate changes in this
region. Our approach is to undertake ensemble experiments
as originally suggested by Lorenz (1969), but using a
coupled ocean-atmosphere model. At the time this study
commenced, the most appropriate model for this purpose
appeared to be the climate model at the Geophysical Fluid
Dynamics Laboratory (Manaket al, 1991). The GFDL
model has been used in many studies and has been run for
as long as 2000 years with only a small amount of climate
drift. Delworth et al. (1993) have shown that the GFDL
model contains a multidecadal variability associated with
5-10% swingsin the amplitude of the Atlantic thermohaline
circulation (THC). Although the model has a relatively low
resolution, the long term sea surface temperature (SST)
variations in the North Atlantic correspond roughly to
those found for decadal variability by Kushnir (1994).

Since the atmosphere is unpredictable for more than
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a week, the atmospheric component is the main factor in
causing a loss of predictability in the coupled model. For
this reason the predictability experiments are designed in
the following way: a set, or ensemble, of numerical inte-
grations of the model are carried out which have the same
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Figure 1. Normalized ensemble variances for selected
principle component time series as a function of time from

initial conditions in the ocean component, but different
initial conditions for the atmospheric component. To make
sure that the atmospheric initial conditions are compatible
with the model, they are chosen randomly (different years,
same day of the year) from the 1000 year control run. One
way to interpret this design is that the experiments assume
an observational system which provides perfect data for the
ocean. The experiment is testing the loss of predictability in
the ocean component of the model which is solely due to
coupling with anearly unpredictable atmosphere. Essentially
the ensemble experiments are designed to determine the
upper limit of predictability for the case of a perfect ocean
model and perfect ocean initial data.

The different atmospheric states quickly interact with
the upper layers of the ocean component of the model, and
the ocean components in the different members of the
ensemble slowly drift apart from one another. Loss of
predictability as a function of time is estimated by the
growth of variance of ocean variables in different members
of the ensemble. An excellent feature in the calculations is
the very realistic level of “weather noise” in the Delworth
et al (1993) model. The time required for the variance to
reach 50% is considered to be the limit of useful
predictability. When the variance between different
members of the ensemble becomes equal to that expected
from climatology, all predictability is considered lost.

After analyzing the results it became clear that the
most predictable variables in the ocean component of the
model were large scale averages of water mass properties
in the upper thermocline. Therefore leading order EOFs
(empirical orthogonal functions) of SST, temperature at
lower levels and dynamic topography turned out to be
convenient and efficient representations of the state of the
ocean. The model is global, but the EOF patterns are

fourensemble experiments. The ensembles used to generate calculated from the covariance matrix for an area which

these statistics represent atotal of 1200 years of integration
from the coupled model. Ensemble | contains 12 members,
was initialized with the ocean at year 130 from the control
experiment, and employed the linear detrended climatology
from years 1-200 for defining its associated climatology
patterns and statistics. Ensemble Il has 12 members, was
initialized with ocean at year 500, and used climatology
from years 401-600. Ensembles Il and IV have 8 members
each, were initialized with ocean at years 941 and 951,
respectively, and used climatology from years 801-1000.
The full 1000 year experiment contains a nonlinear drift
which motivated our choice for 200 year climatologies,
each of which showed only a modest linear drift. Given
here are results for the North Atlantic (0-°RDand 0—
90°W) (A) dynamic topography EOF1, (B) temperature at
170 metres EOF-1 (this field is indicative of the very clean
subsurface signals associated with the multidecadal
variability), (C) SSS EOF-1, (D) SST EOF-1, (E) EOF-2
for the meridional streamfunction of the zonally integrated
Atlantic (50S—90N) velocity (streamfunction EOF-1
represents a basin-wide drift and is not of interest here),
and (F) SST averaged over’325°W at 70N in the East
Greenland Sea.
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included justthe North Atlantic, excluding the Nordic Seas.
Four ensemble calculations were carried outand the increase
in variance over time is shown in Fig. 1. The first panel in
Fig. 1 showstheincrease in variance of the amplitude of the
first EOF for dynamic topography. The amplitude of the
variance in the diagram is normalized by the climatological
variance. In the first few years of the ensemble run, the
growth of the variance is nearly monotonic. After reaching
the 0.5 level the ensemble variance begins to fluctuate.
Fig. 1a shows that the first EOF of dynamic topography has
a useful predictability ranging from 8-20 years. This is an
encouraging result. The Bermudarecord shows that dynamic
topography and low frequency changesin sealevel (Levitus,
1990) are closely related, and sea level is already being
monitored by satellites.

Panel (B) in Fig. 1 shows the equivalent results for the
horizontal field of temperature at a level of 170 m in the
ocean model. The variances show a predictability which is
equivalent to that of the dynamic topography. From this
result we conclude that the predictability of dynamic
topography does not arise through a reduction of noise by
vertical averaging, but simply because it samples subsurface
water mass properties like the temperature at 170 m, which
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are much less noisy than the sea surface salinity (SSS) and
the sea surface temperature. The growth in variance of the
first EOF of those fields is shown in panels (C) and (D). It
is clear that sea surface salinity is much more predictable
than sea surface temperature. This result supports the
importance of long-term monitoring of surface salinity.

The lower two panels in Fig. 1 correspond to the
growth in variance for the leading EOFs of the North
Atlantic meridional transport stream function and the SST
foralimited regioninthe East Greenland Sea. The ensemble
results show the meridional stream function, and hence the
amplitude of the THC “conveyor belt” is predictable. While
it is important for understanding the basis of predictability
in other variables, the predictability of the meridional
circulation is not of direct usefulness, since no practical
way has been developed to monitor the “conveyor belt” by
direct measurements. On the other hand, the predictability
of SST in the Greenland Sea is very important because
anomalies in this region appear to be linked to downstream
temperatures over land in Eurasia in the coupled model.

The results shown in Fig. 1 are summarized schem-
atically in Fig. 2. The ocean predictability is from 10-20
years in the upper thermocline of the North Atlantic. This
region is shielded from the loss of predictability caused by
the nearly random perturbations of the synoptic systems of
the mid latitude atmosphere. Near the surface the temperature
and salinity are much less predictable. As expected the
feedbacks of the heat balance at the ocean surface make the
sea surface temperature much less predictable than sea
surface salinity and the model shows this difference.

Why is the predictability indicated by different
ensembles so different? Some insight on this question is
indicated by the analysis of a single ensemble experiment
shown in Fig. 3. Panels (A) and (B) of Fig. 3 show the auto
correlation function and the power spectrum of the first
EOF of dynamic topography. The equivalentinformationis
displayed in two different ways. Along with the power
spectrum an envelope of dashed lines indicates the 95%
null hypothesis for a simple red noise model fit. At
frequencies of one cycle per decade, or greater, the spec-
trum is well within the red noise envelope. However, as
noted by Delworttet al (1993) there is a spectral peak at
lower frequencies which clearly emerges above the 95%
null line. The auto correlation is dominated by this peak
frequency and shows a clearly oscillatory behaviour with
the first zero crossing at 15 years. Panel (C) shows the
trajectories of the amplitude of the first EOF of dynamic
topography for the ensemble experiment. Note that the
trajectories are tightly packed together for the first five
years and then gradually split apart as signals from the
atmospheric component of the model slowly penetrate
down into the thermocline in such a way as to alter the large
scale pattern of dynamic topography.

Hasselmann (1976) has suggested a much simpler
model for an ocean interacting with an overlying atmosphere.
In Hasselmann’s model the ocean is taken to be a well
mixed thermal reservoir with two sources of heating at its
upper surface. One source is simple random impulses due
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to passing weather systems, and the other is a slow damping
towards an equilibrium temperature determined by radiation
and other climate factors. The model has no dynamics and
responds in a random walk of temperature around the
equilibrium point. The spectrum expected from the
Hasselmann model is red noise with a flattening of the
spectrum at low frequencies.

The auto correlation curve shown in Fig. 3A is very
different from what would expect from Hasselmann's
model. It appears to be more like the auto correlation one
would expect from a damped linear oscillator. A physical
analogue would be a pendulum driven by random impulses,
but submerged in a tank of water. Swings of the pendulum
would be repeated, but they could not be predicted for an
extended period of time. In panel (D) of Fig. 3 the growth
in ensemble variance of the amplitude of the first EOF of
dynamic topography is plotted as a function of time as in
Fig. 1A. For comparison the smooth curve in the same
panelis the theoretical increase in variance for an ensemble
of infinite size for an idealized noise-driven, damped
oscillator. For the first 10 years of the ensemble experiment
the correspondence between the two curves is excellent.

The oscillatory behaviour of the first EOF of dynamic
topography suggests that the ocean circulation is playing
an important role, with a preferred natural period of 40—60
years in this model. While the red noise behaviour will
provide a limited amount of predictability just due to
damped persistence, the model results indicate that the
North Atlantic may have a much greater predictability due
to an intrinsic frequency connected with the dynamics of
the thermohaline circulation. The differences in the
predictability indicated by the different ensemble
experiments are partly the random differences one would
expect from a small statistical sample. A more important
factor appears to be the difference in amplitude of

Atmosphere
N_]

SST predict ~5yrs SSS predict ~10 yrs Upper Ocean

Dynamic Topography
predict ~10-20 yrs

Mid-depth Ocean

1100 metres

Abyssal Ocean

Figure 2. Schematic diagram illustrating the oceanic
predictability seeninthe coupled model. The surface ocean
serves as the interface between the noisy synoptic
atmosphere and the more coherent mid-depth ocean. When
the mid-depth ocean is oscillating, the surface properties
and those at mid-depth contain multi-year to multi-decadal
predictability. The oscillation is seen most distinctly in the
dynamic topography.
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thermohaline circulation variations in various parts of the
1000 year control run of the model. When the thermohaline
circulation variations are large, the predictability is high
and vice-versa. The model appears to have a high
predictability in extreme events, which tend to excite the
oscillations shown in Fig. 3.

It is also possible to use the results of the ensemble
experiments to determine the geographical regions which
have the highest predictability. This information might be
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Figure 3. (A) Auto-correlation function for the first North
Atlantic dynamic topography principle component defined
from yearly mean fields over model years 1-200. The
ordinate is the auto-correlation and the abscissa is the lag
in years. The time series were linearly detrended prior to
computing the eigenfunctions (EOF patterns) of the zero
lag covariance matrix. The damped sine-wave behavior is
characteristic of oscillatory variability. This sample auto-
correlation function can be fit to that from a damped
harmonic oscillator driven by white noise, where the
oscillator period and damping time are roughly 40 years
each. (B) Power spectrum (ordinate) corresponding to the
previous auto-correlation function. The abscissa is the
frequency in cycles/year. The power rises well above the
95% red noise null hypothesis bounds (the dashed lines) in
the 40—60 year time scale. (C) The principle component
trajectories from Ensemble | for dynamic topography
EOF-1. The dark solid line indicates the ensemble mean.
Units are dynamic meters. (D) The normalized ensemble
variance (ordinate), with the thin smooth line being the
variance predicted from an infinite sized ensemble of the
noise driven damped harmonic oscillator.
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useful in designing climate monitoring systems. Fig. 4
(page 23) shows synoptic maps of the normalized variance
of dynamic topography in one ensemble for four different
periods spaced 2 years apart. The maps show that the early
growth of variance is along the eastern boundary of the
ocean. The growth appears to be strongly associated with
areas of strong winter ocean convection in the model in the
Irminger and Labrador Sea. In this region the influence of
the atmosphere can penetrate into the deep ocean most
easily. Thus chaotic signals from the atmosphere will tend
to cause an early splitting of the ensemble solutions in these
northern areas. Propagation parallel to the coast spreads
these signals in a north-south direction. Spread of variance
into the mid-ocean interior takes place by advection along
the eastward drift. In other areas the beta effect tends to trap
high variance towards the western boundary, thus enhancing
predictability over the eastern part of the North Atlantic.

From the standpoint of the design of monitoring
networks Fig. 4 suggests that observations are most needed
in regions of low predictability along the western boundary
of the North Atlantic. Through the WOCE programme
important progress is being made in developmgitu
monitoring. Tests on both roving and stationary platforms
show great promise. Judgements will soon have to be made
on what mix of platforms will be most efficient for
monitoring the North Atlantic. Similar predictability
calculations with a higher resolution coupled model could
be of use to produce specific observational requirements.

Several important questions arise in connection with
this study, but have not been addressed. One is the question
of what governs the apparent frequency of the thermohaline
oscillations which are so important to the predictability
found in this model. This question is being pursued with
simple models. The second unanswered question concerns
the link between ocean predictability and predictability of
atmospheric climate in the North Atlantic area. It is known
that there are low frequency changes of winds over the
North Atlantic and the Nordic Seas. The North Atlantic
Oscillation (NAO) has been studied by meteorologists for
many decades. The relation between sea surface temperature
and the NAO is a very complex question for which our
model is not really suited. The atmospheric component of
the coupled model produces highly realistic “weather” at
the surface of the ocean model, and it exhibit climate
variability on all time scales, but it is still a very low
resolution representation of the atmosphere. We conclude
that our model shows definite predictability on multidecadal
time scales for the ocean and to a lesser extent for 